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,QWURGXFWLRQ
'XH WR HFRQRPLF DQG HQYLURQPHQWDO DVSHFWV
OLJKWZHLJKW FRQVWUXFWLRQ VWUDWHJLHV KDYH EHFRPH PRUH
DQG PRUH LPSRUWDQW LQ WKH ODVW FRXSOH RI \HDUV
(VSHFLDOO\LQWKHDXWRPRWLYHDQGDHURVSDFHLQGXVWU\RQH
RI WKH PDMRU DLPV RI WKH PDQXIDFWXUHUV LV WR
FRQVHTXHQWO\ GHFUHDVH WKH ZHLJKW RI WKHLU SURGXFWV
/LJKWHU YHKLFOHV DOVR OHDG WR D UHGXFWLRQ RI IXHO
FRQVXPSWLRQ DVVRFLDWHG ZLWK D UHGXFWLRQ RI &2
HPLVVLRQV JLYHQ E\ WKH SROLF\$GGLWLRQDOO\ DVVRFLDWHG
ZLWK D UHGXFWLRQ RI ZHLJKW RI WKH FRPSRQHQWV
OLJKWZHLJKW FRQVWUXFWLRQV VKRXOG KDYH VWDEOH RU
LPSURYHG PHFKDQLFDO SURSHUWLHV ZKLFK LQFUHDVH WKH
VDIHW\RIWKHSURGXFWDQGLWVRSHUDWRU
0DJQHVLXP DQG HVSHFLDOO\ DOXPLQXP DUH XVHG DV
OLJKWZHLJKW PDWHULDOV IRU VWUXFWXUDO FRPSRQHQWV LQ WKH
PRGHUQYHKLFOHLQGXVWU\$OXPLQXPLVFRQVLGHUHGDVDQ
LGHDO OLJKWZHLJKWPDWHULDO GXH WR LWV ORZ GHQVLW\ KLJK
VWLIIQHVV DQG JRRG IRUPDELOLW\ :LWK UHJDUG WR WKH
SURFHVVLQJ RI DOXPLQXP H[WUXVLRQ LV RQH RI WKH PRVW
HFRQRPLFDOPDQXIDFWXULQJ SURFHVVHV SDUWLFXODUO\ZKHQ
LW FRPHV WR FRPSOH[ SURILOH JHRPHWULHV IRU OLJKWZHLJKW
FRQVWUXFWLRQV>@
7RPHHW WKHPHQWLRQHG UHTXLUHPHQWV LQ WKH ILHOG RI
YHKLFOH WHFKQRORJLHV ZD\V WR LQFUHDVH FRPSRQHQW
VWUHQJWKDQGVWLIIQHVVKDYHEHHQVWXGLHGLQUHFHQW\HDUV
3DUWLFXODUO\ VXLWDEOH LQ WKLV FRQWH[W LV WKH XVH RI
FRPSRVLWH PDWHULDOV 7R REWDLQ WKH OLJKWZHLJKW
SURSHUWLHV DOXPLQXP RUPDJQHVLXP DOOR\V DUH XVHG DV
EDVH PDWHULDOV ZKLFK FDQ EH FRPELQHG LQ YDULRXV
SURFHVVHV ZLWK KLJKVWUHQJWK PDWHULDOV $ SURPLVLQJ
DSSURDFK WR FRQQHFW WKH HFRQRPLF DGYDQWDJHV RI WKH
DOXPLQXP H[WUXVLRQ SURFHVV ZLWK WKH SURGXFWLRQ RI
FRPSRVLWHPDWHULDOV LV WKH FRPSRVLWH H[WUXVLRQ SURFHVV
GHYHORSHG DW WKH ,QVWLWXWH RI IRUPLQJ WHFKQRORJ\ DQG
OLJKWZHLJKW FRQVWUXFWLRQ ,8/ DW WKH 78 'RUWPXQG
8QLYHUVLW\VHH)LJ


)LJ&RPSRVLWHH[WUXVLRQSURFHVV>@
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&RPSRVLWHH[WUXVLRQLVXVHGIRUWKHPDQXIDFWXULQJRI
HQGOHVV UHLQIRUFHG DOXPLQXP SURILOHV 'XULQJ WKH
SURFHVV UHLQIRUFHPHQW HOHPHQWV OLNH KLJK VWUHQJWK
VWDLQOHVV VWHHO ZLUHV RU IODW ULEERQV DUH IHG LQWR WKH
SURFHVV IURP RXWVLGH WKH H[WUXVLRQ SUHVV WKURXJK WKH
PDQGUHO RI D VSHFLDO SRUWKROH GLH :LWKLQ WKH ODWHUDO
FKDQQHOVWKHUHLQIRUFHPHQWVDUHGHIOHFWHGE\EHIRUH
WKH\DUHMRLQHGZLWKWKHEDVHPDWHULDOLQVLGHWKHZHOGLQJ
FKDPEHU>@
7KHUHVHDUFKLQWKHILHOGRIFRPSRVLWHH[WUXVLRQOHGWR
DIXQGDPHQWDOXQGHUVWDQGLQJDQGFKDUDFWHUL]DWLRQRIWKH
SURFHVVLQWKHODVWFRXSOHRI\HDUV7KHUHE\WKHIRFXVRI
UHVHDUFK ZDV SULPDULO\ RQ WKH LQFUHDVH RI WKH
UHLQIRUFHPHQW FRQWHQW IRU H[DPSOH E\ GHFUHDVLQJ WKH
ZDOO WKLFNQHVVRI WKHSURILOH%DVHGRQUHFHQWVWXGLHV LQ
WKH ILHOG RI FRPSRVLWH H[WUXVLRQ WKUHH DSSURDFKHV
ZKLFK LQFUHDVH WKH IOH[LELOLW\ RI WKH SURFHVV DUH
SUHVHQWHG LQ WKLV SDSHU 7KH LQYHVWLJDWLRQV LQFOXGH WKH
SRVVLELOLW\ WR PDQXIDFWXUH SURILOHV ZLWK IXQFWLRQDO
JUDGHG SURSHUWLHV RYHU WKH OHQJWK SURILOHV ZLWK
IXQFWLRQDOSURSHUWLHVDQGWKHHPEHGGLQJRIQRQPHWDOOLF
UHLQIRUFHPHQWVIRULPSURYHGPHFKDQLFDOSURSHUWLHV
5HLQIRUFHPHQWHOHPHQWV
6WHHOZLUHVZLWK WKUHH GLIIHUHQW GLDPHWHUV DQG D IODW
ULEERQZHUHXVHGIRUWKHUHLQIRUFHPHQWRIWKHDOXPLQXP
SURILOHV7KHUHFWDQJXODUVKDSHGIODWULEERQKDGDZLGWK
RIPPDQGDWKLFNQHVVRIPP7KHGLDPHWHUVRIWKH
VWHHO ZLUHV ZHUH PP PP DQG PP )RU DOO
HOHPHQWV WKH VSULQJ VWHHO ;&U1L ZDV XVHG ,Q
IRUPHULQYHVWLJDWLRQVLWZDVVKRZQWKDWGXHWRWKHKLJK
VWUHQJWK YDOXHV RI WKH XVHG VWHHO WKH PHFKDQLFDO
SURSHUWLHV RI WKH DOXPLQXP SURILOH FDQ EH VLJQLILFDQWO\
LQFUHDVHGE\WKHUHLQIRUFLQJHOHPHQWV>@,Q7DEOHWKH
PHDVXUHGWHQVLOHVWUHQJWKDVZHOODVWKHEHQGLQJVWLIIQHVV
IRUDOOEDVLFHOHPHQWVLVVKRZQ7KHWHQVLOHVWUHQJWKZDV
GHWHUPLQHG LQ DQ XQLD[LDO WHQVLOH WHVW 7KH EHQGLQJ
VWLIIQHVV UHVXOWV IURP WKH DUHDPRPHQW RI LQHUWLD RI WKH
FRUUHVSRQGLQJ FURVV VHFWLRQ DQG WKH<RXQJ¶VPRGXOXV
ZKLFK LV  *3D IRU WKH PDWHULDO XVHG LQ DOO
LQYHVWLJDWLRQVZLWKDUHLQIRUFLQJIRFXV
7DEOH7HQVLOHVWUHQJWKDQGEHQGLQJVWLIIQHVVRIUHLQIRUFHPHQWV
6SHFLPHQ 0HDVXUHG WHQVLOH
VWUHQJWK1PP
%HQGLQJVWLIIQHVV
N1PP
)ODWULEERQ
[PP 
IODWD[LV
KLJKD[LV
:LUHPP  
:LUHPP  
:LUHPP  

)XQFWLRQDOJUDGHGSURSHUWLHV
,Q SUHYLRXV LQYHVWLJDWLRQV WKH UHLQIRUFHPHQW RI
H[WUXGHG DOXPLQXP SURILOHV ZDV DFKLHYHG E\ XVLQJ
HQGOHVVUHLQIRUFHPHQWHOHPHQWV7KHUHE\WKHFLUFXODURU
UHFWDQJXODUJHRPHWULFDOVKDSHVRIWKHHOHPHQWVUHPDLQHG
XQFKDQJHG RYHU WKH HQWLUH OHQJWK RI WKH SURILOH 7R
SURGXFH SURILOHV ZLWK IXQFWLRQDO JUDGHG SURSHUWLHV E\
FRPSRVLWH H[WUXVLRQ RQH DSSURDFK LV WKHGLVFRQWLQXRXV
YDULDWLRQRIWKHUHLQIRUFLQJHOHPHQWVEHIRUHRUGXULQJWKH
SURFHVV 'XH WR WKH GLVFRQWLQXRXV YDULDWLRQ WKH
PHFKDQLFDO SURSHUWLHV RI ERWK WKH HOHPHQWV DQG WKH
SURILOHVFDQEHLQIOXHQFHGORFDOO\
3.1. Rolling 
)RU WKH ORFDO YDULDWLRQ RI WKH JHRPHWU\ RI WKH
HOHPHQWV WZR IRUPLQJ SURFHVVHV DUH LQYHVWLJDWHG 7KH
ILUVWFRQFHSWLVUROOLQJRIWKHFLUFXODUHOHPHQWVZKLFKLV
VKRZQ LQ)LJ7KH LGHDRI WKLV FRQFHSW LVRQ WKHRQH
KDQGWRLQFUHDVHWKHWHQVLOHVWUHQJWKRIWKHHOHPHQWVGXH
WR WKHFROGKDUGHQLQJGXULQJ WKH UROOLQJSURFHVVDQGRQ
WKH RWKHU KDQG WR SURGXFH D UHLQIRUFLQJ HOHPHQW ZLWK
ERWKFLUFXODUDQGUHFWDQJXODUFURVVVHFWLRQV


)LJ5ROOLQJRIFLUFXODUUHLQIRUFHPHQWV
)RU WKH LQYHVWLJDWLRQ RI WKH LQIOXHQFH RI WKH FROG
KDUGHQLQJ SURFHVV HOHPHQWV ZLWK D GLDPHWHU RI PP
ZHUHUROOHGWRDFKLHYHDFURVVVHFWLRQUHGXFWLRQRI
 DQG  ,Q DPLFURVFRSLF DQDO\VLV QR GDPDJHV
OLNH FUDFNV RU IODQNLQJ ZHUH GHWHFWHG 7HQVLOH WHVWV RI
WKH UROOHG HOHPHQWV FRQILUP WKLV DVVXPSWLRQ 7KH
PHDVXUHG WHQVLOHVWUHQJWKRIUROOHGUHLQIRUFLQJHOHPHQWV
ZLWKDQLQLWLDOGLDPHWHURIPPLVVKRZQLQ7DEOH,Q
FRPSDULVRQ ZLWK WKH PHDVXUHG WHQVLOH VWUHQJWK RI WKH
XQGHIRUPHGEDVLFHOHPHQWLQ7DEOHLWFDQEHVHHQWKDW
WKH WHQVLOH VWUHQJWK LQFUHDVHV ZLWK LQFUHDVLQJ FURVV
VHFWLRQ UHGXFWLRQ GXH WR WKH FROG KDUGHQLQJGXULQJ WKH
SURFHVV


35 C. Dahnke et al. /  Procedia CIRP  18 ( 2014 )  33 – 38 

7DEOH7HQVLOHVWUHQJWKRIUROOHGUHLQIRUFHPHQWV
6SHFLPHQW WKLFNQHVV 0HDVXUHGWHQVLOHVWUHQJWK1PP
)ODWW  
)ODWW  
)ODWW  

,Q D VHFRQG H[SHULPHQWDO WULDO D VWHHO ZLUH ZLWK D
GLDPHWHU RI PP LV UROOHG WR D UHFWDQJXODU VKDSH LQ
FHUWDLQ VHFWLRQV WR JHQHUDWH UHLQIRUFHPHQWV ZLWK D
GLVFRQWLQXRXV JHRPHWULFDO VKDSH DQG WR JHQHUDWH D
UHLQIRUFLQJFRQWHQWZKLFKLVDVKLJKDVSRVVLEOH'XHWR
D GLIIHUHQW JHRPHWULFDO VKDSH YDU\LQJ PHFKDQLFDO
SURSHUWLHV RI WKH FRUUHVSRQGLQJ VHFWLRQV DUH H[SHFWHG
7KH GLPHQVLRQV [PP RI WKH JHQHUDWHG
UHFWDQJXODU VHFWLRQV FRUUHVSRQG DSSUR[LPDWHO\ WR WKH
GLPHQVLRQVRIWKHIODWULEERQVHH7DEOH7KHPHDVXUHG
WHQVLOHVWUHQJWK LQ WKHIODWVHFWLRQ LV1PP ,Q
FRPSDULVRQWRWKHEDVHPDWHULDOLWFDQEHVKRZQWKDWWKH
UROOLQJ SURFHVV GRHV QHLWKHU DIIHFW WKH WHQVLOH VWUHQJWK
SRVLWLYH QRU QHJDWLYH VHH 7DEOH +RZHYHU LQ
FRPSDULVRQ WR WKH LQLWLDO IODW ULEERQ XVHG VR IDU WKH
WHQVLOH VWUHQJWK LQ WKH UROOHG VHFWLRQV FRXOG EH LQFUHDVH
E\  )XUWKHUPRUH WKURXJK WKH FRPELQDWLRQ RI WKH
FLUFXODU DQG UHFWDQJXODU VHFWLRQV D UHLQIRUFLQJ HOHPHQW
ZLWKDYDU\LQJEHQGLQJVWLIIQHVVRYHUWKHOHQJWKFRXOGEH
JHQHUDWHG
)RU HPEHGGLQJ WKH JHQHUDWHG UHLQIRUFHPHQW ZLWK
GLIIHUHQW FURVV VHFWLRQV LQWR DQ DOXPLQXP SURILOH DQ
H[LVWLQJSRUWKROHGLHZDVDGMXVWHG'XHWRWKHSDUWLFXODU
UHFWDQJXODU VKDSH RI WKH UHLQIRUFHPHQW D VSHFLDO
SRUWKROHGLHIRUHPEHGGLQJIODWULEERQVLVXVHG7KHGLH
VHWLVVKRZQLQ)LJ


)LJ'LHVHWZLWKRSWLPL]HGPDQGUHO
:LWK WKH SUHVHQWHG GLH D IODW DOXPLQXP SURILOH RI
[PP DQG WKUHH UHLQIRUFLQJ HOHPHQWV FDQ EH
SURGXFHG 7KH PD[LPXP UHLQIRUFHPHQW FRQWHQW LV
FDOFXODWHG WR  )RU WKH H[SHULPHQWDO WULDOV WKH
UHFWDQJXODU FKDQQHO LQ WKH FHQWHU RI WKH PDQGUHO LV
HQODUJHG E\ GULOOLQJ WR HQDEOH WKH LQWURGXFWLRQ RI WKH
UROOHGUHLQIRUFHPHQWLQWRWKHZHOGLQJFKDPEHU:LWKWKH
PRGLILHG GLH WKH H[SHULPHQWV ZHUH FDUULHG RXW
VXFFHVVIXOO\ 7KH H[SRVHG HOHPHQW LQVLGH WKH SURILOH LV
VKRZQLQ)LJ7KHH[SHULPHQWVVKRZWKDWLWLVSRVVLEOH
WR LQWHJUDWH DYDULDWLRQRI WKH UHLQIRUFLQJ HOHPHQWV LQWR
WKHFRPSRVLWHH[WUXVLRQSURFHVV,WZDVDVVXPHGWKDWGXH
WRWKHFKDQJLQJHOHPHQWVXUIDFHLQWKHFURVVVHFWLRQWKH
UDPIRUFHGXULQJWKHSURFHVVYDULHV+RZHYHUQRHIIHFW
RI WKH FKDQJLQJ FURVV VHFWLRQ RI WKH UHLQIRUFHPHQW
HOHPHQWV RQ WKH UDP IRUFH FRXOG EH PHDVXUHG LQ WKLV
H[SHULPHQW ZKLFK FDQ EH UHODWHG WR WKH ORZ
UHLQIRUFHPHQWFRQWHQWRIOHVVWKDQ


)LJ([SRVHGUHLQIRUFHPHQWLQVLGHWKHSURILOHWRSYLHZ
3.2. Rotation Punching 
7KH VHFRQG FRQFHSW IRU WKH YDULDWLRQ RI HOHPHQWV
LQYHVWLJDWHG LQ WKLV SDSHU LV WKH SXQFKLQJ RI WKH
UHLQIRUFHPHQWV %\ SXQFKLQJ WKH HOHPHQWV FDQ EH
ORFDOO\ZHDNHQHGWRGHILQHEUHDNRUZHDNSRLQWVZLWKLQ
WKH SURILOH 6LPLODU WR UROOIRUPLQJ URWDWLRQ SXQFKLQJ
VHH)LJLVDSURFHVVLQZKLFKWKHZRUNSLHFHLVJXLGHG
EHWZHHQ WZR VKDIWV ,Q WKLV SURFHVV WKH XSSHU VKDIW
SRVVHVVHV DW OHDVW RQH SXQFK DQG WKH ERWWRP VKDIW
SRVVHVVHV WKHHTXLYDOHQWGLH3XQFKDQGGLHHQJDJHDQG
GHILQH WKH JHRPHWU\ RI WKH KROH )OH[LELOLW\ LQ WKH
SURGXFWLRQRIGLIIHUHQWGLVWDQFHVEHWZHHQ WKHKROHV FDQ
EH DFKLHYHG E\ D PRYHPHQW EHWZHHQ WKH UROO DQG WKH
ZRUNSLHFH
'XHWRWKHFKDUDFWHULVWLFRIWKHURWDWLRQSXQFKLQJWKH
IODWULEERQLVXVHGDVDEDVLFPDWHULDOIRUWKHSURFHVVDQG
WKH VXEVHTXHQW HPEHGGLQJ LQWR WKH DOXPLQXP SURILOH
7KHPDQXIDFWXULQJ RI WKH SXQFKHG UHLQIRUFHPHQWV ZDV
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FDUULHG RXW DW %DXVW 6WDQ]WHFKQRORJLH *PE+ 'XH WR
H[LVWLQJ WRROV HORQJDWHG KROHV ZLWK D GLPHQVLRQ RI
[PP KDYH EHHQ EODQNHG RXW RI WKH UHLQIRUFLQJ
HOHPHQWV7KHGLVWDQFHEHWZHHQWKHKROHVLVPP


)LJD5RWDWLRQSXQFKLQJE([DPSOHRIDZRUNSLHFH
)RU HPEHGGLQJ WKH SXQFKHG UHLQIRUFHPHQWV LQWR DQ
DOXPLQXP SURILOH WKH SRUWKROH GLH VKRZQ LQ )LJ  LV
XVHG 7KH H[SHULPHQWDO WULDOV VKRZ WKDW WKH HPEHGGLQJ
RI ORFDOO\ZHDNHQHGUHLQIRUFHPHQWV LVSRVVLEOH7ZHQW\
PHWHUV RI SXQFKHG IODW ULEERQ KDYH EHHQ HPEHGGHG
UHOLDEO\ LQWR DQ $$ DOOR\ )LJ VKRZV D
FRPSXWHUL]HG WRPRJUDSK\ LPDJH RI WKH UHLQIRUFHPHQW
LQVLGHWKHSURILOH


)LJD([WUXGHGIODWSURILOHE&RPSXWHUL]HGWRPRJUDSK\RIWKH
SURILOHWRSYLHZF3XQFKHGUHLQIRUFHPHQWLQVLGHSURILOH
'XHWRWKHH[SHULPHQWDOUHVXOWVDQGWKHFKDUDFWHULVWLF
RIWKHSURFHVVLWFDQEHVXPPDUL]HGWKDWDQLQWHJUDWLRQ
RIWKHURWDWLRQSXQFKLQJLQWKHH[WUXVLRQSURFHVVIRUWKH
PDQXIDFWXULQJ RI FRPSRVLWH SURILOHV ZLWK IXQFWLRQDO
JUDGHG SURSHUWLHV LV IHDVLEOH 7KH V\QFKURQL]DWLRQZLWK
WKH H[WUXVLRQ SURFHVV LV VHHQ DV D ELJ FKDOOHQJH
HVSHFLDOO\ZKHQ LW FRPHV WR WKH SURGXFWLRQ RI SXQFKHG
UHLQIRUFHPHQWV ZLWK YDU\LQJ GLVWDQFHV EHWZHHQ WKH
KROHV )XUWKHUPRUH VLPLODU WR WKH UHVXOWV RI WKH UROOHG
UHLQIRUFHPHQWV LW LV H[SHFWHG WKDW WKH UDP IRUFH LV
VOLJKWO\DIIHFWHGE\ WKHYDULDWLRQRI WKHJHRPHWU\:LWK
UHVSHFW WR WKH H[WUXVLRQ UDWLR D FKDQJHE\ WKHSXQFKHG
UHLQIRUFHPHQWVDSSHDUVRQO\ORFDOO\DQGLQDVOLJKWZD\
$VLJQLILFDQWLQIOXHQFHRQWKHSURFHVVLVQRWH[SHFWHG
)XQFWLRQDOSURSHUWLHV
$QRWKHUH[WHQVLRQRIWKHFRPSRVLWHH[WUXVLRQSURFHVV
LV WKH HPEHGGLQJ RI IXQFWLRQDO HOHPHQWV ZKLFK LV
SUHVHQWHG LQ WKH IROORZLQJ VHFWLRQ ,QVWHDG RI KLJK
VWUHQJWK UHLQIRUFHPHQW HOHPHQWV IXQFWLRQDO HOHPHQWV
OLNH HOHFWULFDO FRQGXFWRUV RU GDWD FDEOHV ZKLFK FDQ
WUDQVPLWVLJQDOVRUGDWDWKURXJKWKHSURILOHDUHXVHG,WLV
FRQFHLYDEOH WKDW D FRPSRQHQW PRQLWRULQJ FDQ EH
UHDOL]HG E\ DQ HPEHGGHG HOHPHQW SRVVHVVLQJ WKHVH
SURSHUWLHV
%DVHGRQ WKHH[SHULHQFHJDLQHGIURPWKHHPEHGGLQJ
RIUHLQIRUFLQJHOHPHQWVWKHPDQXIDFWXULQJRIIXQFWLRQDO
SURILOHVLVVLPLODUWRWKHNQRZQSURFHVV+RZHYHUGXHWR
WKH KLJK HOHFWULFDO FRQGXFWLYLW\ RI DOXPLQXP DOO
IXQFWLRQDO HOHPHQWV KDYH WR EH LVRODWHG IURP WKH
DOXPLQXP PDWUL[ PDWHULDO ,Q FRPSDULVRQ WR WKH
FRQYHQWLRQDO UHLQIRUFLQJ HOHPHQWV LW KDV WR EH
FRQVLGHUHG WKDW WKH LVRODWHG IXQFWLRQDO HOHPHQWV FRQWDLQ
GLIIHUHQW WKHUPDO DQG ORZHU PHFKDQLFDO SURSHUWLHV )RU
WKDW UHDVRQ D VWUDWHJ\ KDV WR EH GHYHORSHG ZKLFK
UHGXFHVWKHWKHUPDODQGPHFKDQLFDOVWUHVVHVVRWKDWWKH
IXQFWLRQDOLW\RIWKHHOHPHQWVLVQRWDIIHFWHG
)RU WKH H[SHULPHQWDO WULDOV D ILEHUJODVV LVRODWHG
QLFNHOZLUHZLWKDGLDPHWHURIPPZDVVHOHFWHG7KH
IXQFWLRQDO HOHPHQWV ZLWKRXW WKH LVRODWLRQ KDYH D
GLDPHWHU RI DSSUR[LPDWHO\ PP $FFRUGLQJ WR WKH
PDQXIDFWXUHU WKH LVRODWLRQ WHPSRUDULO\ EHDUV
WHPSHUDWXUHV DERYH & :LWK DQ DYHUDJH RI
03D WKH WHQVLOH VWUHQJWK RI WKH IXQFWLRQDO
HOHPHQWV LV VLJQLILFDQWO\ LQIHULRU LQ FRPSDULVRQ WR WKH
UHLQIRUFHPHQWV XVHG VR IDU VHH 7DEOH)RU WKH
H[WUXVLRQ RI WKH SUHVHQWHG HOHPHQWV WKH GLH VKRZQ LQ
)LJZDVXVHG


)LJD'LHIRUIXQFWLRQDOHOHPHQWVIURQWYLHZE'LHIRU
IXQFWLRQDOHOHPHQWVEDFNYLHZF)XQFWLRQDO(OHPHQW
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7R UHGXFH WKH PHFKDQLFDO VWUHVV DFWLQJ RQ WKH
IXQFWLRQDO HOHPHQWV WKHPDQGUHO IRU WKH IHHGLQJ RI WKH
HOHPHQWVLQWRWKHPDWUL[ZDVHORQJDWHGLQFRPSDULVRQWR
WKH PDQGUHO IRU WKH UHLQIRUFHPHQWV 'XH WR WKLV WKH
OHQJWK RI WKH ZHOGLQJ FKDPEHU ZDV GHFUHDVH WR PP
)XUWKHUPRUH WKH IULFWLRQ DQG WKH UHODWLYHPRYHPHQW RI
WKH IXQFWLRQDO HOHPHQWV LQ WKH GHYHORSLQJ GHDG PHWDO
]RQH EHKLQG WKH PDQGUHO OHDG WR DGGLWLRQDO VWUHVVHV
'HDGPHWDO ]RQHV DUH FKDUDFWHUL]HG E\ D VWDJQDWLRQ RI
PDWHULDOIORZZKHUHE\VKHDULQJRFFXUVLQWKHERXQGDU\
OD\HU EHWZHHQ WKH IORZLQJPDWHULDO DQG WKH GHDGPHWDO
]RQH7RUHGXFHWKHGHYHORSPHQWRIWKHDGGLWLRQDOVWUHVV
GXH WR WKH RFFXUULQJ GHDG PHWDO ]RQHV EHKLQG WKH
PDQGUHOWKHPDQGUHOZDVEXLOWZLWKIODWHQGVDVLWFDQEH
VHHQIURP)LJ


)LJD:HOGLQJFKDPEHURIWKHGLHE0DQGUHOIRUIXQFWLRQDO
HOHPHQWV
:LWK WKH H[SHULPHQWDO OD\RXW DOO IRXU IXQFWLRQDO
HOHPHQWVZHUHVXFFHVVIXOO\HPEHGGHGWRDSURILOHZLWKD
OHQJWKRIPHWHUV6XEVHTXHQWO\ LQYHVWLJDWLRQVRI WKH
LVRODWLRQ VKRZHG WKDW WKH IXQFWLRQDOLW\ LH HOHFWULFDO
FRQGXFWLYLW\ RI WKH HOHPHQW ZDV QRW DIIHFWHG E\ WKH
SURFHVV 7KH PDQXIDFWXUHG =SURILOH ZDV XVHG DV D
GHPRQVWUDWRU FRPSRQHQW IRU WKH 7UDQVUHJLRQDO
&ROODERUDWLYH5HVHDUFK&HQWHU7UDQVUHJLR SURMHFW DV
LWFDQEHVHHQLQ)LJ


)LJ=3URILOHZLWKIXQFWLRQDOHOHPHQWVDQGDSSOLFDWLRQLQ75
GHPRQVWUDWRU
1RQPHWDOOLFUHLQIRUFHPHQWV
$QDOWHUQDWLYHIRUHPEHGGLQJVWDLQOHVVVWHHOHOHPHQWV
IRU UHLQIRUFLQJ DQ DOXPLQXP SURILOH LV WKH XVH RI QRQ
PHWDOOLF HOHPHQWV OLNH FHUDPLF ILEHUV &HUDPLF ILEHUV
RIIHUKLJK WHQVLOHVWUHQJWKDQGDKLJK<RXQJ¶VPRGXOXV
DVVRFLDWHGZLWKD ORZZHLJKW%HFDXVHDVLQJOHFHUDPLF
ILEHUZLOOQRWEHDUWKHRFFXUULQJVWUHVVHVLQVLGHWKHWRRO
WKH ILEHUV DUHHPEHGGHG LQWR DQ DOXPLQXPPDWUL['XH
WR WKLVSURFHVVFHUDPLFFRPSRVLWHZLUHV OLNHDOXPLQXP
R[LGH ILEHUV DUH SURGXFHG 7KHVH FRPSRVLWH ZLUHV DUH
VXLWDEOHIRUWKHHPEHGGLQJLQWRDQDOXPLQXPSURILOH
,QFRPSDULVRQZLWK WKHFRQYHQWLRQDO UHLQIRUFHPHQWV
7DEOH  VKRZV WKH VSHFLILF SDUDPHWHUV RI FHUDPLF
DOXPLQXP R[LGH ILEHUV (DFK SDUDPHWHU LV UHJDUGHG WR
WKH GHQVLW\ ,W FDQ EH VHHQ WKDW WKH XVH RI FHUDPLF
DOXPLQXPR[LGHILEHUV OHDGV WRDKLJKHUVSHFLILF WHQVLOH
VWUHQJWK DQG D KLJKHU <RXQJ¶V PRGXOXV ZKLFK LV
DVVRFLDWHG ZLWK D KLJKHU VWLIIQHVV )LJ  VKRZ WKH
FRPSRVLWHZLUHZLWK1H[WHOILEHUVHPEHGGHGLQWRDQ
DOXPLQXPPDWUL[$O
7DEOH0HFKDQLFDOSURSHUWLHV>@
6SHFLPHQ 'HQVLW\ȡ
JFP
6SHF<RXQJ¶V
PRGXOXVE/ȡ      
*3DFPJ
6SHFWHQVLOH
VWUHQJWKR       
*3DFPJ
$OXPLQXP
R[LGHILEHU
 8SWR 8SWR
6SULQJVWHHO
;&U1L
PP
  $WOHDVW
$OXPLQXP
$$7
  



)LJ&RPSRVLWHZLUHZLWKFHUDPLF1H[WHO)LEHUHPEHGGHGLQ
DQDOXPLQXPPDWUL[
,Q FRQWUDVW WR WKH DGYDQWDJHV RI WKH DOXPLQXP R[LGH
ZLUHV WKH ORZ VWLIIQHVV >@ FDXVHG D ELJ FKDOOHQJH
UHJDUGLQJ WKH IHHGLQJ RI WKH HOHPHQWV LQWR WKH PDWUL[
'XHWRWKHORZGXFWLOLW\WKHEHQGLQJVWUHVVHVGXULQJWKH
UHGLUHFWLRQ ZLWKLQ WKH IHHGLQJ SURFHVV FDQ OHDG WR D
IUDFWXUH RI WKH HOHPHQWV )XUWKHUPRUH WKH IULFWLRQ
FRQGLWLRQV ZLWKLQ WKH IHHGLQJ FKDQQHOV RI WKH PDQGUHO
KDYHWREHFRQVLGHUHG%HFDXVHRIWKHKLJKWHPSHUDWXUHV
GXULQJ WKH H[WUXVLRQ KLJK IULFWLRQ RFFXUV EHWZHHQ WKH
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DOXPLQXPPDWUL[RIWKHHOHPHQWVDQGWKHGLHPDWHULDO,Q
FRPELQDWLRQZLWKWKHEHQGLQJVWUHVVHVGXULQJWKHIHHGLQJ
WKLV FDQ DOVR OHDG WR D IUDFWXUH RI WKH HOHPHQWV >@
7KHUHIRUHDQHZIHHGLQJVWUDWHJ\VKRZQLQ)LJZDV
GHYHORSHG
,Q WKLV FRQFHSW WKH FRPSRVLWH ZLUHV DUH IHG WKURXJK
ERUHKROHV LQ WKH FRQWDLQHU )RU DQ LPSURYHPHQW RI WKH
IULFWLRQFRQGLWLRQVDQGIRUDUHGXFWLRQRIWKHUHGLUHFWLRQ
DQJOH D QHZ IHHGHU LV XVHG $V LW FDQ EH VHHQ IURP
)LJ D WKH IHHGHU FRQWDLQV WKUHH EHDULQJV ZKLFK
OHDGWKHZLUHWKURXJKWKHGLH


)LJD)HHGHUIRUFRPSRVLWHZLUHVE&RQWDLQHUZLWKERUHKROHV
,QFRPELQDWLRQZLWKWKHQHZFRQFHSWDGLHIRUDIODW
SURILOHZLWKDGLPHQVLRQRI[PPZDVXVHGLQWKH
H[SHULPHQWDO WULDOV 'XH WR WKH RSWLPL]HG IHHGLQJ
VWUDWHJ\ WKH HPEHGGLQJ RI D PP DOXPLQXP
FRPSRVLWHZLUH LQWR DSURILOHZLWK D OHQJWKRIPZDV
SRVVLEOH 'XH WR WKH GLPHQVLRQV RI WKH SURILOH WKH
UHLQIRUFLQJFRQWHQWLV7KHHPEHGGHGHOHPHQWFDQ
EHVHHQLQ)LJ


)LJ&RPSRVLWHZLUHLQDOXPLQXPSURILOH
&RQFOXVLRQ
,Q WKH SUHVHQW SDSHU WKUHH DSSURDFKHV IRU H[WHQGLQJ
WKHFRPSRVLWHH[WUXVLRQSURFHVVZHUHVKRZQ5HJDUGLQJ
WKH SURGXFWLRQ RI SURILOHV ZLWK IXQFWLRQDO JUDGHG
SURSHUWLHV RYHU WKH OHQJWK WZR FRQFHSWV KDYH EHHQ
LQYHVWLJDWHG $Q LQWHJUDWLRQ RI WKH UROOLQJ SURFHVV LV D
VXLWDEOH DSSURDFK IRU WKH YDULDWLRQ RI UHLQIRUFHPHQW
SURSHUWLHV UHJDUGLQJ WHQVLOH VWUHQJWK DQG EHQGLQJ
VWLIIQHVV $ ORFDO ZHDNHQLQJ RI WKH HOHPHQWV ZDV
DFKLHYHG E\ SXQFKLQJ RI IODW UHLQIRUFHPHQWV ZKLFK LV
OHDGLQJ WR D ORFDO ZHDNHQHG FRPSRVLWH DOXPLQXP
SURILOH
)RUHPEHGGLQJIXQFWLRQDOHOHPHQWVLQWRDQDOXPLQXP
PDWUL[ LW ZDV VKRZQ WKDW WKH ORZHU WHQVLOH VWUHQJWK RI
HOHPHQWV KDV WR EH FRQVLGHUHG :LWK DQ RSWLPL]HG GLH
GHVLJQ LW ZDV SRVVLEOH WR UHGXFH WKH VWUHVVHV RQ WKH
HOHPHQWV VR WKDW WKH HPEHGGLQJ ZDV VXFFHVVIXO
)XQFWLRQDO HOHPHQWV ZHUH HPEHGGHG LQWR D =SURILOH
ZLWK D OHQJWK RI P ZLWKRXW D GHVWUXFWLRQ RI WKH
LVRODWLRQ7KHIXQFWLRQDOLW\RIWKHHOHPHQWVZDVSURYHQ
6LPLODU WR WKHIXQFWLRQDOHOHPHQWV WKHHPEHGGLQJRI
QRQPHWDOOLF HOHPHQWV OLNH FHUDPLF ILEHUV UHTXLUHG DQ
RSWLPL]HG WRRO GHVLJQ :LWK WKH XVH RI D FRQWDLQHU
SRVVHVVLQJ ERUHKROH DQG D QHZ IHHGLQJ V\VWHP WKH
UHGLUHFWLRQ UDGLXV ZDV UHGXFHG ZKLFK DOORZHG
HPEHGGLQJ RI KLJK VWLIIQHVV ILEHUV LQWR WKH PDWUL[
PDWHULDO DV WKH EHQGLQJ VWUHVV ZKLFK DFWV RQ WKH
HOHPHQW ZDV UHGXFHG )XUWKHU LQYHVWLJDWLRQV DUH
QHFHVVDU\ IRU GHWHUPLQLQJ WKH PD[LPXP UHLQIRUFLQJ
FRQWHQW DQG WKHPHFKDQLFDOSURSHUWLHVRI WKH UHLQIRUFHG
SURILOHV
$FNQRZOHGJHPHQWV
7KH ZRUN LV EDVHG RQ WKH LQYHVWLJDWLRQV RI WKH
VXESURMHFW $  ³&RPSRVLWH ([WUXVLRQ´  RI WKH
7UDQVUHJLRQDO&ROODERUDWLYH5HVHDUFK&HQWHU7UDQVUHJLR
ZKLFK LVNLQGO\ VXSSRUWHGE\ WKH*HUPDQ5HVHDUFK
)RXQGDWLRQ')*
5HIHUHQFHV
>@ 2VWHUPDQQ )  $QZHQGXQJVWHFKQRORJLH $OXPLQLXP 
$XIODJH6SULQJHU9HUODJ%HUOLQ+HLGHOEHUJ
>@ 3LHW]ND' 7HNND\D$ ( 0HKUDFKVLJHV5XQGHQ EHLP
6WUDQJSUHVVHQ 9', )RUWVFKULWW%HULFKWH ,QWHJUDWLRQ YRQ
8PIRUPHQ 7UHQQHQ XQG )JHQ IU GLH IOH[LEOH )HUWLJXQJ YRQ
OHLFKWHQ 7UDJZHUNVWUXNWXUHQ 5HLKH  1U  9', 9HUODJ
'VVHOGRUIS
>@ 6FKRPlNHU 0  9HUEXQGVWUDQJSUHVVHQ YRQ
$OXPLQLXPSURILOHQ PLW HQGORVHQ PHWDOOLVFKHQ
9HUVWlUNXQJVHOHPHQWHQ'LVVHUWDWLRQ,QVWLWXWIU8PIRUPWHFKQLN
XQG/HLFKWEDX78'RUWPXQG
>@ :HLGHQPDQQ . $  :HUNVWRIIV\VWHPH IU
YHUEXQGVWUDQJJHSUHVVWH $OXPLQLXPPDWUL[YHUEXQGH 'U,QJ
'LVVHUWDWLRQ8QLYHUVLWlW.DUOVUXKH6KDNHU9HUODJ
>@ 11DOXPDWWHU
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DOXPLQXPPDWWHURUJXNDOXVHOHFWGHIDXOWDVS6WDQG
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 3URFHHGLQJV
0DWHULDOV 6FLHQFH DQG 7HFKQRORJ\ 06	7 3LWWVEXUJK
3HQQV\OYDQLD86$S
>@ 3LHW]ND'6FKLNRUUD07HNND\D$((PEHGGLQJRI
$OXPLQD 5HLQIRUFHLQJ (OHPHQWV LQ WKH &RPSRVLWH ([WUXVLRQ
3URFHVV$GYDQFHG0DWHULDOV5HVHDUFKS

